Background: Respiratory syncytial virus (RSV) infection can cause bronchial hyperresponsiveness and asthma exacerbations. In mice it results in airway inflammation and airway hyperresponsiveness. Since viral factors influencing these responses are not well defined, a study was undertaken to investigate the role of secreted G protein of human RSV in determining virulence, inflammatory responses, and changes in lung function. Methods: BALB/c mice were infected with a spontaneous mutant of RSV deficient in secreted G protein (RSV-DsG) or with wild type RSV (RSV-WT). Viral titres, numbers of pulmonary inflammatory cells, and concentrations of interferon (IFN)-c, interleukin (IL)-4, IL-5 and IL-10 in bronchoalveolar lavage (BAL) fluid were determined. Airway function was assessed at baseline and following methacholine provocation using barometric whole body plethysmography. Result: Following infection with RSV-DsG, viral titres were increased 50-fold compared with RSV-WT. Influx of eosinophils and macrophages to the lung and concentrations of IFN-c and IL-10 in BAL fluid were also significantly higher following infection with RSV-DsG. Airway function, both at baseline and after methacholine provocation, was significantly decreased following infection with RSV-DsG compared with RSV-WT. Conclusion: Secreted G protein is likely to be a regulatory factor in RSV infection limiting infectivity of the virus, inflammatory responses in the lungs, and reduction in lung function.
R
espiratory syncytial virus (RSV) infection can result in severe bronchiolitis in infants, in asthma exacerbations, and in bronchial hyperreactivity in non-asthmatic subjects. 1 2 The viral factors involved in the development of airway inflammation and in changes of lung function triggered by RSV are not well defined.
RSV G protein is not only expressed bound to membranes but is also secreted into the extracellular environment. 3 Vaccination with G protein in rodent models resulted in severe pulmonary inflammation with airway eosinophilia on subsequent RSV challenge and was associated with the induction of antigen specific Th2 cells. 4 From these adverse effects of vaccination it was concluded that the G protein might play a critical role in the development of reactive airway disease in RSV infection. Secreted G protein induced even stronger Th2 responses and airway eosinophilia than the membrane bound form, 5 suggesting that this protein may represent a strategy to modulate and evade effective immune responses. These vaccination models, however, need not reflect the role of viral proteins in primary RSV infection. G protein is thought to be an attachment protein binding primarily to heparin like glycosaminoglycans. 6 Using RSV variants with targeted mutations of this protein, it has been shown that the presence of either membrane bound or secreted G protein is sufficient for normal attachment and infectivity, 7 and that alternative pathways of attachment independent of glycosaminoglycans are used in the absence of membrane bound G protein. This suggests a non-essential accessory role for G protein in RSV attachment and infection. To date no models have been reported investigating the role of membrane bound or secreted G protein in the development of pulmonary inflammation and changes in airway function in primary RSV infection.
A spontaneous variant of human RSV (RSV-DsG) with a mutated second start codon of the G protein gene preventing transcription of secreted G protein has recently been characterised. 8 This mutant replicates well in A549 cells, a human alveolar epithelial cell line, and induces increased production of proinflammatory chemokines and increased activation of the transcription factor NFkB. To delineate the role of secreted G protein for the virulence of RSV in vivo and to investigate mechanisms linking secreted G protein to the development of airway inflammation and altered lung function, we used RSV-DsG in a murine model of primary infection. Viral titres in the lung, pulmonary inflammation, lung function, and local cytokine production were monitored and compared with infection with wild type RSV (RSV-WT) which results in eosinophil and neutrophil influx into the lung and in the development of interleukin (IL)-5 dependent airway hyperresponsiveness to inhaled methacholine in this model. 9 
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METHODS
Virus
Human RSV type A (Long strain) from ATCC (Rockville, MD, USA) and RSV-DsG from the Department of Medical Virology, Ruhr-Universität (Bochum, Germany), both free of chlamydia or mycoplasma contamination, were cultured in HEp-2 cells (ATCC) and purified by centrifugation using a 30% sucrose cushion as described. 11 The resulting pellet was resuspended in phosphate buffered saline (PBS), aliquoted, and frozen at 270˚C. Virus was titrated by immunoplaque assay as previously described 12 and titres were expressed as tissue culture infective dose at 50% (TCID 50 ) according to Krah. 13 The stock suspension was adjusted to contain 2610 7 TCID 50 RSV/ml. HEp-2 cell supernatant free of RSV was treated in the same way. The resulting mock isolate was used for sham infections.
Animals
Female BALB/c AnNCrl mice aged 8-12 weeks, free of specific pathogens, from Charles River Laboratories (Sulzfeld, Germany) were kept under specific pathogen free conditions and used under a protocol approved by Regierungspräsidium Arnsberg (Germany).
Experimental protocols
Mice were infected on day 0 under light anaesthesia by intranasal inoculation of 10 5 TCID 50 RSV-WT or RSV-DsG in 50 ml. Controls were sham infected with mock isolate. To assess lung RSV titres, some lungs were removed 4 days after infection and disrupted in 1 ml PBS using a glass homogeniser. Following centrifugation, supernatant of the homogenate was added to HEp-2 cell cultures. TCID 50 was determined as described above. Airway responsiveness was assessed on day 6 after infection and animals were killed the following day for collection of bronchoalveolar lavage (BAL) fluid and removal of lungs. To deplete IL-5, mice were treated intravenously with 150 mg anti-IL-5 antibody from clone TRFK-5 (Becton and Dickinson, Heidelberg, Germany) on days 0 and 3 after infection. Controls were injected with 150 mg rat IgG 1 (SigmaAldrich) at the same time points.
Lung function
Lung function was assessed using a whole body plethysmograph obtained from Buxco (Troy, NY) as described elsewhere. 14 In the plethysmograph, mice were exposed for 3 minutes to nebulised PBS and subsequently to increasing concentrations of aerosolised methacholine (Sigma-Aldrich) in PBS using an AeroSonic ultrasonic nebuliser (DeVilbiss, Somerset, PA, USA). After each aerosolisation, enhanced pause (Penh) values were recorded for 3 minutes, averaged, and expressed as absolute values.
Lung cell isolation
Lung cells were isolated by collagenase digestion as described previously 15 and counted with a haemocytometer. Cytospin slides were stained with Haema-Schnellfärbung (Labor & Technik Lehmann, Berlin, Germany) and differential cell counts of 300 cells were performed in a blinded fashion by light microscopy.
Cytokines in BAL fluid
Tracheas were dissected, lungs lavaged with 1 ml Hank's balanced salt solution (HBSS, Biochrom), and BAL fluid supernatants frozen at 220˚C. Concentrations of IFN-c, IL-4, IL-5, and IL-10 were assessed by Opteia ELISA kits (Becton and Dickinson).
Statistical analysis
Data were compared using GraphPad Prism 2.01 (GraphPad Software, San Diego, USA ). The Mann-Whitney test was used for comparisons of two groups and the Kruskal-Wallis test with Dunn post hoc test were used for comparisons of more than two groups. The area under the curve of repeated measurements was compared in airway responsiveness assays. p values of ,0.05 were considered statistically significant. Values are expressed as mean (SE) for all measurements.
RESULTS
RSV replication in the lung
To assess the role of secreted G protein for in vivo replication, mice were infected intranasally with RSV-DsG or RSV-WT. In all infected animals tested, infection could be demonstrated but not in mice sham infected with mock isolate. Infection with RSV-DsG resulted in pulmonary virus titres 50-fold higher than infection with RSV-WT on day 4 after infection (mean (SE) TCID 50 50 133 (6162) v 970 (471), n = 6, p = 0.02).
Airway inflammation
To investigate changes in pulmonary inflammatory cells during infection, lung cells were isolated 7 days after infection and differential cell counts performed. In mice infected with RSV-WT the numbers of eosinophils and neutrophils were significantly increased in lung cell isolates compared with sham infected controls ( fig 1A and B) . Following RSV-DsG infection the increases in numbers of eosinophils exceeded those induced by RSV-WT ( fig 1A) . In addition, total lung cell numbers were increased (RSV-DsG: 52.0 (4.8)610
6 ; RSV-WT: 39.8 (3.2)610 6 ; mock: 33.7 (2.1)610 6 ; n = 12, significant difference across all groups p,0.001) and the influx of macrophages increased 1.8-fold compared with RSV-WT ( fig 1B) .
Lung function
Airway function without provocation (baseline) and airway response to methacholine were assessed on day 6 after infection (all groups n = 12). Mice infected with RSV-WT had increased airway responsiveness to methacholine compared with sham infected controls (fig 2) . Maximal Penh in response to 25 mg/ml methacholine increased 4.7-fold over PBS in mice infected with RSV-WT compared with a 3.1-fold increase in sham infected mice. Following infection with RSV-DsG (but not with RSV-WT), baseline Penh increased 2.3-fold compared with sham infected controls in the absence of provocation, indicating a reduction in lung function even without exposure to methacholine. Airway responsiveness to methacholine provocation, expressed as the change from baseline, did not differ significantly between mice infected with RSV-DsG or RSV-WT. In contrast, absolute Penh values following methacholine provocation were significantly higher in mice infected with RSV-DsG than with RSV-WT.
Cytokine production Levels of IFN-c, IL-4, IL-5, and IL-10 were assessed in BAL fluid collected on day 7 after infection (all groups n = 12). In mice infected with RSV-WT, levels of IFN-c were significantly increased compared with controls ( fig 3) . Concentrations of IL-5 and IL-10 did not differ from controls. IL-4 was not detectable (data not shown). Following infection with RSVDsG the levels of IFN-c increased even further and concentrations of IL-10 were also significantly raised (fig 3) . The levels of IL-5 were virtually unchanged and IL-4 remained below the level of detection.
Anti-IL-5 treatment
We have previously shown that both pulmonary eosinophil influx and airway hyperresponsiveness following RSV-WT infection depend on the presence of IL-5. To investigate whether this also holds true for changes induced by infection with RSV-DsG, mice were treated during infection with anti-IL-5 antibody. Administration of anti-IL-5 antibody, but not of rat IgG 1 as a control, prevented increases in numbers of eosinophils (mean (SE) 0. 15 Furthermore, depletion of IL-5 resulted in a significant reduction in Penh values both at baseline and after methacholine provocation (fig 4) , whereas application of rat IgG 1 did not have a significant effect. In mice infected with RSV-WT, airway hyperresponsiveness was abolished completely by anti-IL-5 treatment (data not shown).
DISCUSSION
In order to delineate the role of secreted G protein in primary RSV infection and in associated pulmonary inflammation and airway hyperresponsiveness, we studied a spontaneous mutant of RSV lacking the secreted G protein. In this virus a mutation in the second open reading frame of the G protein gene where transcription of secreted G protein is initiated causes an exchange of the amino acid in position 48 (M to T) resulting in the loss of the second start codon of the G protein gene and thus preventing transcription of its secreted form. 8 RSV-DsG was used in an established mouse model of RSV infection and viral titres in the lungs, pulmonary inflammation, lung function, and local cytokine production were monitored. In this model, RSV-WT infection results in airway hyperresponsiveness, pulmonary inflammation with influx of eosinophils and neutrophils, and increased production of Th1 cytokines. 9 Viral titres in the lungs following infection with RSV-DsG were 50-fold higher than after infection with RSV-WT, indicating that RSV-DsG caused more efficient infection or replication in vivo. In contrast, in A549 cells, a human type 2 alveolar epithelial cell line, replication of RSV-DsG did not differ from RSV-WT. 8 A targeted mutation of RSV with a deletion of the secreted G protein was not attenuated either in vitro. 7 Considering the lack of mutations relevant for replication in RSV-DsG, 8 these findings imply that secreted G protein is not required for effective infection and replication of RSV. On the contrary, our findings in vivo suggest an inhibitory effect of secreted G protein on the virulence of RSV. Such an inhibitory effect of secreted G protein may not be evident in culture because of the high multiplicity of infection used which results in instantaneous infection of the majority of cells. In vivo, probably only a minority of epithelial cells are infected initially. Recently, the fractalkine receptor CX3C-receptor 1 has been identified as a receptor for RSV G protein. 16 Soluble G protein could limit RSV infection by binding to CX3C-receptor 1, thus reducing the availability of this receptor for live virus with membrane bound G protein.
Inflammatory responses to RSV-DsG were assessed in lung cell isolates. Increases in numbers of total inflammatory lung cells and eosinophils exceeded those observed after RSV-WT infection. Furthermore, infection with RSV-DsG but not with RSV-WT resulted in striking increases in the numbers of pulmonary macrophages. These findings suggest that the inflammation resulting from RSV infection in the absence of secreted G protein is more severe than in RSV-WT infection, and it differs in quality. Such differences in the cellular response could be due not only to the severity of infection but also to the absence of chemokine inhibitory actions of secreted G protein. Secreted glycoproteins can bind to chemokines, inhibiting their activity, as has been shown for poxviruses and Ebola virus. 17 18 The lack of such glycoproteins is associated with increased local inflammation 17 and with increased cytotoxicity. 18 These secreted glycoproteins thus serve as protective factors for virus infected cells, subverting the host immune response and limiting inflammation. Secreted G protein might serve the same purpose in RSV infection.
Arnold and colleagues found that, in A549 cells, RSV-DsG induces increased activation of the transcription factor NFkB compared with RSV-WT and consequently leads to increased production of chemokines including RANTES. 8 Transcription of RANTES is enhanced by NFkB 19 and increased production could account for enhanced recruitment of eosinophils and macrophages to the lung. They express the RANTES binding CC-chemokine receptors 3 and 5, respectively. 20 21 RANTES, which also attracts Th2 cells, 22 has recently been shown to be critical for the severity of RSV induced inflammation and airway hyperresponsiveness in mice. 23 The intercellular adhesion molecule (ICAM)-1 was also upregulated to higher levels following infection by RSV-DsG than by RSV-WT. 8 Increased ICAM-1 expression on infected cells also probably contributes to enhanced recruitment of inflammatory cells to the lung. Interestingly, ICAM-1 binds to the F protein of RSV and may also be involved in the adhesion of RSV to cells and subsequent cell entry. 24 Thus, increased ICAM-1 expression induced by RSV-DsG infection could enhance infectivity of this mutant even further.
Cytokine production in BAL fluid was assessed to characterise the pulmonary immune response to RSV-DsG infection. Infection with RSV-WT resulted in significant increases in IFN-c levels which were increased further following infection with RSV-DsG. IFN-c is the most abundant cytokine following RSV infection. 25 26 IL-10, which is also readily detected in macrophages 27 and T cells following RSV infection, 25 26 remained low following infection with RSV-WT but was significantly increased following infection with RSV-DsG. No increases in IL-4 or IL-5 were observed. Thus, cytokine responses to RSV-DsG and RSV-WT differ in intensity but not in quality, suggesting that secreted G protein is inhibitory for immune responses but no major determinant for Th1/Th2 polarisation in primary RSV infection. This is in contrast to findings following vaccination with secreted G protein where it serves as a potent immunogen inducing strong Th2 polarisation on subsequent RSV challenge. 5 Baseline lung function in the absence of provocation and airway responsiveness to methacholine were monitored using barometric whole body plethysmography. In contrast to infection with RSV-WT where increases in baseline Penh do not occur, 9 10 infection with RSV-DsG resulted in a twofold increase in baseline Penh values indicating a decrease in lung function. Furthermore, compared with baseline Penh values, airway responsiveness following methacholine provocation was similar in mice infected with RSV-DsG or RSV-WT. However, absolute Penh values following exposure to methacholine were significantly higher in RSV-DsG than in RSV-WT infection. Increases in Penh values following methacholine provocation have been shown to correlate closely with increases in lung resistance in mice in both models of allergen induced airway inflammation 14 and of RSV infection (unpublished data). The increases in Penh values observed here therefore suggest more severe airway obstruction following methacholine exposure in RSV-DsG infected mice.
We have previously shown that IL-5 has a critical role in RSV induced airway hyperresponsiveness. 10 To investigate whether RSV-DsG induced increases in Penh values at baseline and following methacholine provocation are also dependent on IL-5, mice were treated with anti-IL-5 antibody during infection. This treatment prevented increases in the numbers of pulmonary eosinophils and significantly reduced increases in Penh values both at baseline and after methacholine provocation. In mice infected with RSV-WT, airway hyperresponsiveness was abolished completely by anti-IL-5 treatment as previously shown. 9 10 These results indicate that decreases in lung function following RSV-DsG infection are only partially dependent on IL-5 (and possibly on eosinophils) and that other mechanisms are probably also involved. Increased production of IL-10 from increased numbers of pulmonary macrophages could contribute to RSV-DsG induced changes in lung function. In a model of allergic airway inflammation the presence of IL-10 was a prerequisite for the development of airway hyperresponsiveness 28 and 
